Iron is an essential element for living organisms and involved in numerous cellular processes. Thus, the maintenance of a proper intercellular level is critical [1] . However, iron is not easily bioavailable due to the formation of insoluble forms at aerobic conditions and neutral pH, although it is one of the most abundant elements. One strategy to circumvent this issue is the employment of small carriers called siderophores [2] . These are produced as secondary metabolites by various organisms including prokaryotes (bacteria [3, 4] , cyanobacteria [5] and archaea [6] ) as well as eukaryotes (plants [7] , fungi [8] and mammals [9] ). Siderophores differ in structure and chemical properties but can be classified according to their metal chelating functional groups into hydroxamate, catecholate, carboxylate and mixed type [10] . The chemical structure also defines their affinity for iron but also other metals. Besides their physiological role, they have been shown to be promising candidates for various industrial, agricultural and medical applications [4, 11] . However, the biosynthesis pathways of siderophores are usually complex and the yield is modest. Thus, it is currently laborious and expensive to produce siderophores in sufficient amounts. Therefore, the isolation, identification and characterization of siderophore producers is of high importance to facilitate an application of these compounds. Especially pseudomonads are known to be versatile siderophore producers [12] . In this study, we isolated two novel strains that offer a steady siderophore production rate and especially showed a good affinity for other metals like Al and Cu.
The herein described strains have been isolated from a heap in "Neuhilbersdorf" (strain H3, 50 55'07.1"N 13 22'19.2"E, 2016/12/ 13) and wet soil next to the mine drainage region "Roter Graben" in Tuttendorf (strain RGB, 50 56'24.1"N 13 22'19.6"E, 2017/01/18). They were selected as potent siderophore producers by evaluation on Chrome azurol S (CAS)-agar plates [13, 14] (Fig. 1 ). Further, they showed to be selective for other metals than iron, making them interesting candidates for further investigations.
Genome sequencing was done to reveal the genus and to gain information about siderophores types that are supposed to be produced. Therefore, both strains were cultivated in 50 ml LB media, harvested after 3 days and DNA was isolated as described previously [15] .
The DNA library preparation, genome sequencing, assembly, annotation and analysis were done as described previously [16] . Therewith a genome coverage of 247x for strain H3 and 249x for strain RGB was obtained, respectively. The results of the genome sequencing are summarized in Table 1 . For isolate H3, 49 contigs (49 > = 1000 bp) were identified that cover about 5.8 Mbp with an average G + C content of 58.8 % (N50 = 175970; N75 = 108569; L50 = 11; L75 = 21). For isolate RGB, the assembly resulted in 43 contigs (41 > = 1000 bp) covering about 6.3 Mbp with an average G + C content of 60.5 % (N50 = 359427; N75 = 161348; L50 = 6; L75 = 12). A 16S rDNA-based phylogenetic analysis was done for both isolates revealing that both are classified as Pseudomonas species (Fig. 2 ). Isolate H3 clusters together with P. rhodesiae (99.3 % identity to strain DSM 14020) and P. grimontii (99.2 % identity to strain DSM 17515). However, strain H3 forms a separate branch and might be related to a novel species, which has to be proven. Isolate RGB is situated close to P. auricularis NBRC 10220 (100 % identity to strain NBRC 10220) and is therefore probably associated to this species.
Biochemical typing of both strains was done by Api20 NE ( Table 2 ). Most of the metabolic properties of the isolates resemble those of the reference strains. Both strains are Gram-negative as well as catalase and oxidase positive. Notable differences can be found for isolate H3 in comparison to the nearest relatives on 16S rDNA base. It does not show growth on L-Arabinose and Nacetylglucosamine, while species rhodesiae and grimontii are able to use these compounds as carbon source. Further, strain H3 did not show fluorescence on Kings B or CSGA medium [17] what indicates that this strain is producing a non-fluorescent siderophore. Strain RGB showed fluorescence only on CSGA media which indicates that this strain might produce fluorescent siderophores. Both strains are able to grow on beech wood hydrolysate (BWH) as cheap alternative to glucose as carbon source for the production of siderophores [18] (Fig. 3 ). Therefore, both strains were cultivated on minimal media [19] containing 5 mM BWH for 25 h at 30 C and 160 rpm. The doubling time is with 1.75-2.25 h in a comparable order of magnitude to glucose-grown pseudomonads ( Table 3) . The biological subsystem distribution of the annotated genes based on RAST can be found in Table 4 [24] . A subsystem coverage of about 50 % was achieved for both isolates. Herein, 1.5 % of the genes of strain H3 and 2.4 % of the genes of strain RGB are supposed to be related to iron acquisition and metabolism, respectively. An additional genome analysis was executed on the antismash 5.0 platform to estimate the production of secondary metabolites and especially siderophores [25] . For Pseudomonas sp. H3, twelve secondary metabolite gene clusters were identified whereas four are annotated as putative siderophore gene clusters (cluster 1, 4, 9 and 10; Table 5 ). Cluster 1 contains several genes that can be found in the pyoverdine biosynthesis cluster, but no relevant peptide synthetase. Thus, it is unlikely that pyoverdines can be produced, especially as strain H3 does not show fluorescence. Cluster 2 and 9 contain IucA/IucC-like synthetases, which indicate the production of hydroxamate siderophores like aerobactin and desferrioxamine. This remains to be proven as these clusters also do not contain related biosynthesis components like an N-hydroxylase or a decarboxylase. At least, manual annotation showed that only cluster 10 contains the gene set for the production of the isoxazolidone siderophore pseudomonine (Table 6 ) [26] [27] [28] [29] . This siderophore was found in Pseudomonas entomophila and Pseudomonas fluorescens strains [30] . However, not much is known about the biochemical and metal binding properties of this siderophore.
For strain RGB, twelve secondary metabolite gene clusters were identified whereas three are annotated as putative siderophore gene cluster for the production siderophores (cluster 1, 2 and 8; Table 7 ). A manual analysis on genome level allowed for the identification of siderophore gene clusters contain the relevant genes for production of pyochelin (cluster 2) and pyoverdine (cluster 1 and 8). The annotation of the respective genes can be found in Tables 8 and 9 . The pyochelin cluster is complete [31, 32] . However, the cluster organization of pyoverdine is different in strain RGB compared to the reference in Pseudomonas aeruginosa PA01. Some regulatory genes and the cluster pvcABCD (relevant for the biosynthesis of the pyoverdine chromophore) are missing [33] . The fragmentation of the clusters might be a result of the draft genome sequence. However, all required genes that are needed for the biosynthesis and transport of pyoverdine are present in strain RGB [34] . Pyochelin as well as pyoverdines are known to be fluorescent, which harmonizes the observation of strain RGB on CSGA medium. The siderophore production was tested in 5 and 100 ml scale with the glucose as sole carbon source. Therefore, precultures were grown for three days in LB medium (30 C, 160 rpm), harvested by centrifugation (10,000 Â g), washed twice with sterile saline, and re-suspended in 10 % of the initial volume with sterile saline. The main culture was inoculated 1:50 with cell suspension. To produce siderophores, a M9 minimal medium with low phosphate content was chosen containing 1.28 g l À1 Na 2 HPO 4 , 0.3 g l À1 KH 2 PO 4 , 0.5 g l À1 NaCl, 1 g l À1 NH 4 Cl and 10 ml l À1 goodiemix. Goodiemix solution consists of 385 mM MgSO 4 , 10 mM CaCl 2 , 0.1 mM thiamine and 125 ml l À1 trace element solution (49 g l À1 MgCl 2 , 2 g l À1 CaCl 2 , 1.44 g l À1 ZnSO 4 Á 7 H 2 O, 0.85 g l À1 MnSO 4 Á H 2 O, 0.24 g l À1 CuSO 4 Á 5 H 2 O, 0.06 g l À1 H 3 BO 3 , 51 ml l À1 HCl). 20 mM glucose was added as substrate. All glassware used for siderophore production was washed with 6 M HCl in order to remove iron [35] ).
The highest siderophore production was determined after 3 days with about 130 mM* (* (desferriooxamine B) equivalent [14] ) in 5 ml scale. This is in a similar range compared to P. aeruginosa strains, although it has to be mentioned that the cultivation conditions are slightly different and the concentration was determined already after 1 day [36, 37] (Table 10) . Further, it can be seen that the siderophore concentration is lower in a bigger cultivation volume. Binding of other metal ions (Al 3+ , Ga 3+ and Cu 2+ ) was determined in the culture supernatant by adapted CAS-assays ( Fig. 4 ) [14] . All of the tested metal ions can be chelated by the siderophores. This is in accordance with previous findings on pyoverdin and pyochelin [38] . For pseudomonine no other ligands than iron have been tested so far.
Nucleotide sequence accession numbers
The genome sequences were deposited at the DDBJ/ENA/ GenBank under the accession numbers (Pseudomonas sp. H3: VMSG00000000; BioProject: PRJNA556330) and (Pseudomonas sp. RGB: VMSH00000000; BioProject: PRJNA556336). Table 8 Pyochelin related gene cluster in Pseudomonas sp. RGB.
Table 10
Siderophore production of strain H3 and RGB on glucose in 5 ml and 100 ml scale. [14] . 
